Establishing links between morphology and performance is important for understanding the functional, ecological, and evolutionary implications of morphological diversity. Relationships between morphology and performance are expected to be age dependent if, at different points during ontogeny, animals must perform in different capacities to achieve high fitness returns. Few studies have examined how the relationship between form and function changes across ontogeny. Here, we assess this relationship in the amphibious mangrove rivulus (Kryptolebias marmoratus) fish, a species that is both capable of and reliant on "tail-flip jumping" for terrestrial locomotion. Tailflip jumping entails an individual transferring its weight to the caudal region of the body, launching itself from the substrate to navigate to new aquatic or semi-aquatic habitats. By combining repeated trials of jumping performance in 237 individuals from distinct age classes with a clearing and staining procedure to visualize bones in the caudal region, we test the hypotheses that as age increases (i) average jumping performance (body lengths jumped) will increase, (ii) the amount of variation for each trait will change, and (iii) the patterns of covariation/correlation among traits, which tell us about the integration of form with function, will also change. We find a significant increase in size-adjusted jumping performance with age, and modification to the correlation structure among traits across ontogeny. However, we also find that significant links between form and function evident in young animals disappear at later ontogenetic stages. Our study suggests that different functional mechanisms may be associated with high performance at different stages of development.
INTRODUCTION
Animals must rely on numerous fitness-related performance characteristics (e.g., running, jumping, biting, and swimming) to survive, reach adulthood, and ultimately reproduce (Irschick, Meyers, Husak, & Le Galliard, 2008; Meyers & Irschick, 2015; Wilson, Husak, Halsey, & Clemente, 2015) . Among-individual variation in these performance characteristics can result from variation in the underlying morphology (Huckins, 1997) . However, the link between morphology and performance is often quite complex, as many different anatomical arrangements among traits may provide the same level of performance (Wainwright, Alfaro, Bolnick, & Hulsey, 2005) . As a result, the evolution of performance characteristics may depend on the extent to which suites of morphological traits are integrated with one another and with performance (Stadler, Stadler, Wagner, & Fontana, 2001 ).
The link between form and function is further complicated by ontogeny because both performance and morphology can vary as organisms grow and develop (Gignac & Santana, 2016; Herrel et al., 2016) . Size is one factor that can lead to performance variation across ontogeny (Webb, Kostecki, & Stevens, 1984) . Juveniles always have a much smaller absolute body size, which can lead to lower levels of performance relative to adults (Carrier, 1996) . Independent of body size, however, physiological limitations may also impose performance constraints on young animals; for instance, young vertebrates may have yet to develop fully ossified bones, strong muscles, and complex neural networks needed for high performance (Carrier, 1996) . Indeed, studies have found that underdeveloped physiology may be associated with lower levels of performance in young animals (Erickson, Lappin, & Vliet, 2003; Galloway, Anderson, Wilga, & Summers, 2015; Noren, Biedenbach, & Edwards, 2006) . Whether due to a smaller body size or some physiological limitation, lower levels of performance in juveniles often makes them more prone to predation and less likely to acquire scarce recourses (Fernandez & Motta, 1997; Herrel & Gibb, 2006) . F I G U R E 1 Typical 'tail-flip' jump exhibited by K. marmoratus in which the animal presses its caudal peduncle against the substrate, and launches itself through the air often many times its body length. Still shots were obtained from a video taken by Benjamin Perlman Estimating links between morphology and adult performance in a quantitative fashion has enabled a greater understanding of the functional, ecological, and evolutionary implications of morphological diversity (Carroll, Wainwright, Huskey, Collar, & Turingan, 2004) . Characterizing age dependence in patterns of morphological and performance (co)variation should add to such insights by highlighting how key aspects of life history (e.g., reproductive status (Bauwens & Thoen, 1981) or ontogenetic stage-dependent diet (Gignac & Erickson, 2015; Hale, 1999) ) can alter the relationship between form and function. For instance, Herrel, Van Damme, and Vanhooydonck (2001) found that as bite performance increases and head shape changes across ontogeny in the western green lizard (Lacerta bilineata), so too does their preferred diet (i.e., individuals shift from eating grasshoppers and crickets as juveniles to beetles and isopods as adults). Without a thorough understanding of the relationships between morphology and performance across ontogeny, we may miss key ecological and functional insights into morphological diversity, and few studies have investigated this question (McHenry & Jed, 2003 ).
An ideal model organism for examining ontogenetic variance in form and function is the mangrove rivulus fish, Kryptolebias marmoratus. This species shows considerable morphological variation across development (Grageda, Sakakura, & Hagiwara, 2004) , and also exhibits an extraordinary, and understudied, mode of terrestrial locomotion known as the 'tail-flip jump' (Figure 1 ). This behavior may have evolved in response to high tidal fluctuations (Magellan, 2016; Taylor, 2012) , as a means to escape potential aquatic predators (Taylor, 2012) and/or intraspecific competition (Taylor, 2000) , or to exploit high abundance of terrestrial prey (Pronko, Perlman, & Ashley-Ross, 2013) . Jumping performance can also be easily quantified in a laboratory environment by simply probing the fish while on a moist substrate (Ashley-Ross, Perlman, Gibb, & Long, 2014; Gibb, Ashley-Ross, & Hsieh, 2013; Gibb, Ashley-Ross, Pace, & Long, 2011) .
Although the specific mechanism associated with the evolution of the tail-flip jump is not clear since many divergent, 'non-amphibious' species (Danio, Fundulus, Gambusia, and Betta) possess the ability to tailflip jump (Bressman, Farina, & Gibb, 2016; Gibb et al., 2013 , AshleyRoss et al., 2014 , the incredible jumping ability of the mangrove rivulus is thought to be an adaptation to life on land within strongly tidal mangrove ecosystems (Pronko et al., 2013) . In times when water quality is poor (e.g., high hydrogen sulfide levels and low level of dissolved oxygen), mangrove rivulus may jettison from aquatic habitats onto land, where the tail-flip jump allows fish an effective means of locomotion until another temporary pool (or wet leaf litter) is found (Abel, Koenig, & Davis, 1987) . The tail-flip jump is characterized by the fish bending its axial skeleton into a "C" shaped position, transferring its body weight to the caudal peduncle (i.e., the area of the body from the end of the dorsal and anal fins to the caudal fin) and launching off the substrate through the air, often many times its body length Here, we aim to determine how the relationship between morphological form and function changes throughout ontogeny in mangrove rivulus. We focus on morphological variation associated with the parahypural, epural, and hypural bones (Supporting Information Fig- ure S1) because force must be transmitted through these structures to the substrate just prior to the animal leaving the ground (Gibb et al., 2013) . Thus, changes in the dimensions of these bones (in both their lengths and the angles between them) may increase the surface area of the caudal peduncle in contact with the ground, thereby allowing for the displacement of greater ground reaction forces (Dial & Jackson, 2011) . We hypothesize that, as age increases, (i) jumping performance (in body lengths) will increase with the growth and development of performance-related morphological characteristics, (ii) the amount of variation for each trait will change, and (iii) the patterns of covariation/correlation among traits-which tell us about the integration of form with function-will also change. We take a multivariate approach to estimating (co)variance among a set of seven morphological traits, and determining how this covariance structure is associated with performance across three age groups.
MATERIALS AND METHODS

Animal care and specimen collection
Mangrove rivulus fish (Kryptolebias marmoratus Poey 1880) are one of only two known self-fertilizing hermaphroditic vertebrates, the other being its recently described sister species Kryptolebias hermaphroditus (Costa, 2016) ; however, this species may in fact be a species complex containing two other species (Tatarenkov et al., 2017) . With each generation of exclusive selfing, heterozygosity is reduced by, on average, 50% and ultimately produces completely homozygous individuals whose progeny are genetically identical to the parent and all siblings (i.e., an isogenic line). A total of 237 K. marmoratus aged 24-1716 days post hatching (DPH) were obtained from progenitor (F1-F12 generation) lines as a result of self-fertilization and were incorporated into the experiment. We divided these individuals into three groups based on age: <120 DPH (n = 54), 250-500 DPH (n = 99), and >500 DPH (n = 84). These age groups were chosen because they reflect important transitions in the life history of K. marmoratus: before reproductive maturity (<120 DPH; referred to as 'young' below), 'peak' reproduction (250-500 DPH; referred to as 'mature' below), and declining investment towards reproduction (>500 DPH; referred to as 'old' below), based on 10 years of lab data (R.L. Earley, unpublished data). Progenitors were kept under common garden conditions (12 hr light: 12 hr dark photoperiod at 26 ± 1 • C and in 25 ppt saltwater). Because the time spent developing within the egg affects locomotor performance in other systems (Shine & Olsson, 2003) , we recorded this parameter for all individuals and subsequently used it as a covariate in our statistical models (as described in full below). All eggs and hatchlings were kept under the same common garden conditions as the progenitors. Animals were incorporated into the experiment at various ages, spanning a wide developmental spectrum from 24 to 1716 DPH.
Jumping performance trials
K. marmoratus individuals exist as either self-fertilizing hermaphrodites or as males in natural populations (Harrington, 1961) . Because performance can be sex-specific (Berwaerts, Matthysen, & Dyck, 2008) and because self-fertilizing hermaphrodites predominate in natural populations (Turner, Fisher, Taylor, Davis, & Jarrett, 2006) , we excluded any males from the jumping trials. Males were excluded based on sexually dimorphic characteristics (i.e., the presence of orange freckling anywhere on the body) (Scarsella, Gresham, & Earley, 2017; Soto & Noakes, 1994) .
Jumping trials were conducted in a Sizzlin' Cool Blue Wading Kiddie Pool R (914.4 mm diameter) lined with damp paper towels. The damp paper towels were used to simulate moist substrate (i.e., leaf litter) commonly found in the mangrove habitat and also to prevent desiccation during timed trials (Gibb et al., 2011 
Jumping performance assessment
Jumping performance videos were converted from .MP4 into .AVI format using iSkysoft R Video Converter and decompressed using
VirtualDub, an open source software available via SourceForge (www.virtualdub.org). The decompressed videos were imported into ImageJ (Schneider, Rasand, & Eliceiri, 2012) as a collection of individual frames (i.e., virtual stack). Each video was scaled to millimeters using the known diameter of the pool (914.4 mm) and advanced frame by frame until just prior to the first jump ('Preparation' in Supporting Information Figure S2 ). The location of the head and tail were landmarked using the 'point' function in ImageJ. The video was then advanced until the first jump was completed ('Post-Jump' in Supporting
Information Figure S2 ), and the location of the head and tail were landmarked again. The process continued until the locations of the head and tail before and after each jump were recorded during the probing segments of the trial. These coordinate data were then exported into Microsoft Excel R , where jumping distance (mm) was calculated as the sum of the squared differences between the pre-jump and postjump locations of the head (DHM) or tail (DTM). For each jump, we obtained two measures: distance head moved (DHM) and distance tail moved (DTM). However, given a strong correlation between these two measures (r = 0.833, DF = 5953, P < 0.0001), we elected to present analyses of DHM only in full here. Results obtained from analyses (as described below) of DTM were very similar (see Appendix 1). To obtain body lengths jumped, we divided DHM by the distance between the landmarks placed on the head and tail (i.e. body size).
Morphological assessment
A clearing and staining technique, modified from Webb and Byrd (1994) , which yields a transparent specimen with bones stained deep red, was used to assess morphological traits (Supporting Information Figure S1 ). Specimens were first placed into a 1:1:18 staining solution of 0.1% Alcian blue:0.1% Alizarin red S:70% EtOH buffered with 40 g of potassium hydroxide phthalate for 48 hr. Specimens were then transferred to a 1.5% KOH solution for 48 hr and a 2:2:1 solution of glycerol:70% EtOH:benzyl alcohol for 24 hr before being transferred to a 1:1 solution of glycerol:70% EtOH for storage.
Specimens were photographed using a Canon R Powershot G-9 R camera under a Zeiss Stemi-C 2000 stereoscope in standard ichthyological position next to a metric ruler. Photographs were imported into ImageJ and a scale was set to millimeters using the metric ruler within the image (Schneider et al., 2012) . Standard length (SL), length and angle of the epural (EPL and EPA), length and angle of the parahypural (PHPL and PHPA), and length and width of the hypurals (HYPL and HYPW) were measured (Supporting Information Figure S1 ). To maintain the integrity of bones, we did not assess individual reproductive status because this would require dissection. We acknowledge that this may have influenced variation in jumping performance among individuals (Iraeta, Salvador, Monasterio, & Diaz, 2010) .
Overview of statistical analysis
We analyzed all data using univariate and multivariate linear mixed effects models, fit with ASreml-R 3.0 (Butler, 2009; Gilmour, Cullis, Gogel, Welham, & Thompson, 2002) in R version 3.4.1 (R Core Team, 2017) . Univariate models were used to test our hypothesis that jumping performance (in body lengths) changes with age. We then used multivariate models to estimate the among-trait phenotypic (co)variance matrices (subsequently denoted P). We tested hypotheses about trait integration (among morphological traits, and between all morphological traits and performance) and its stability across age by summarizing and comparing age-specific estimates of P. These analyses are described in detail below.
A feature of our mixed model analyses is that they allowed all jumping performance data to be utilized while accounting for nonindependence of repeated jumps (within-trials) made by individual fish.
Although some studies utilize a single maximum measure of performance when linking form to function (e.g., Herrel, Podos, Huber, & Hendry, 2005) , we prefer to include multiple jumps for each individual for two reasons. First, maximum performance values can bias correlation estimates, especially when individuals differ in the number of repeated measures (Careau & Wilson, 2017a) . Second, 'trade-offs'
(negative correlations between traits that contribute positively to fitness) that occur within individuals may be hidden by among-individual variation (Careau & Wilson, 2017b) . Having obtained repeated measures of DHM for each individual, we were able to partition amongfrom within-individual variation in jumping performance and estimate the relationships between morphology and the repeatable part of jumping performance using procedures outlined in Houslay and Wilson (2017) .
Prior to analysis, all traits were scaled to standard deviation units, with standard deviations determined from observations of all fish (i.e., across all ages). Scaling traits in this way assists multivariate model fitting as all response variables are on a common scale (where a single unit of a scaled trait is equivalent to a standard deviation in the raw data). Pragmatically, by simply dividing all trait values by the relevant standard deviation, we retain any differences in trait means and/or (co)variation structure among ages. It also prevents trait-specific scaling from complicating the interpretation of estimated among-trait phenotypic covariance matrices (P) as described below.
Univariate models to test age effects on performance
First, we tested whether jumping performance (in body lengths) changed as a function of age independent of time spent in embryonic development. For this analysis, we used a size-adjusted measure of jumping performance, body lengths jumped as the response variable, and age and developmental time within egg as fixed (continuous) predictors. Individual ID was included as a random effect. We scaled our measure of jumping performance by body size instead of including SL as a covariate in our model because age and SL were significantly correlated (r = 0.43, DF = 234, p < 0.0001). We note that scaling performance by body size may complicate any biological interpretation of random effect variance in this case (see Wilson, 2018) . However, here we simply seek to control for non-independence because, while each individual was observed at a single age only, the data set contains multiple jumps per individual trial. We also report on a model that included non-scaled measures of jumping performance (DHM) as the response variable, and age, SL, and developmental time within egg as fixed (continuous) predictors (see Results) to determine whether age remains a significant predictor of jumping performance despite variation in body size. We tested for a significant effect of age using a Wald F-test.
Estimation of age-class specific P matrices
To test our second and third hypotheses that variance/covariance within and among morphological and jumping performance traits changes over development, we fitted a multivariate mixed model with all seven morphological traits and DHM as response variables for each of our three age classes. This enabled us to estimate the among-trait phenotypic variance-covariance matrix (8 × 8 matrix) which we denote for age class X as P x . P-matrices contain estimates of the phenotypic variance for each trait on the diagonal and phenotypic covariances among traits on the off-diagonals, and can be used to determine how the combined effect of the environment and genes has influenced variance within and covariance among traits (Arnold, 1981) . Fixed effects included a mean on each trait, time spent developing within the egg, and jumping sequence (for DHM only), because fish appeared to tire (i.e., produce shorter jumps) as they continued to jump (Supporting Information Figure S3 ). We did not include the total number of jumps made by each individual in the model because these data may be the result of 'prober bias' (i.e., the ability of the prober to, in a timely manner, immediately probe the fish as it changed locations within the jumping arena). We included SL as one of our response variables in our multivariate mixed models. By doing so, we are also able to estimate how body size variation within each age group related to performance and morphological variation.
A random effect of individual was included on all traits, with the among-trait covariance (conditional on fixed effects) then estimated as P x for each age class x. Note that as repeat measures are available for DHM only, within-individual variances for (and covariances with) all morphological traits cannot be estimated and therefore were constrained to zero. The within-individual variance for DHM is estimable and attributable to behavioral plasticity and/or measurement error. In practice, including the random effect of individual allows us to partition out within-individual variance as a residual term for DHM. This allows us to interpret P x as an among-individual covariance matrix, although we note that, strictly speaking, variance in morphological traits will also include any measurement error as they are assayed only once per individual. Each estimate of P x (i.e., P young, P mature , and P old ) was also scaled to its corresponding correlation matrix to further aid interpretation. To obtain approximately 95% confidence intervals around each element of P x (and the corresponding correlation matrices), we used a parametric bootstrap approach (described in Boulton et al., 2015) to generate 5,000 random draws for each matrix. The resulting confidence intervals are necessarily approximate and rely on an assumption of multivariate normality (see Boulton et al., 2015; Houle & Meyer, 2015 for discussion).
Structure of P x within and among age classes
Having estimated P x at each age several approaches were taken to summarize the covariance/correlation structure and to compare it across age-groups. Bootstrapped samples (as described above) were used to obtain 95% confidence intervals on all metrics of matrix differentiation (see below) and statistical significance at a nominal value of = 0.05 concluded when the range of these intervals did not include zero. First, we used the mean squared correlation as a measure of morphological trait integration. This was estimated at each age using the correlations among morphological traits only (i.e., excluding correlations involving DHM). We then estimated the difference (with 95% CI) in mean squared correlations between each pair of age classes. Second, we repeated these steps but using the morphology-DHM correlations, to test for significant integration of morphology and performance within each age group and to test for differences among ages. Third, using the bootstrap samples of each P x we tested for significant differences in pairwise trait-correlations (r) between age groups (x). Note that for any pair of traits (i, j) stability of correlation structure across ages leads to the simple null expectation that, for instance, r young (i,j) -r young (i,j) = 0 (see Houslay, Vierbuchen, Grimmer, Young, & Wilson, 2018) . Because pairwise trait-correlations can differ under similar overall levels of integration (i.e., mean squared correlations), this test allowed us to describe finer scale differences
The relationship between distance jumped (body lengths) and age (DPH). The mean and standard error across all jumps for each individual is depicted. Line of best fit for the relationship between age and body lengths jumped shown in black. Model predictions were based on averaging over our fixed and random effects between the ages. Fourth, we estimated and compared the total amounts of phenotypic variation across ages, noting that total (multivariate) phenotypic variance is equal to the trace (i.e., sum of diagonal elements) of each matrix P x . Finally, for jumping performance only (DHM), partitioning among-and within-individual variance components in the multivariate models allowed us to estimate repeatability in each age class and compare repeatabilities across age classes.
Age-specific repeatabilities of jumping performance were estimated conditional on fixed (effects of jumping sequence and time spent developing in the egg) as the ratio of among-individual variance to the sum of among-and within-individual variance.
RESULTS
Age effects on jumping performance in body lengths
Our univariate mixed model indicated that, as hypothesized, there was a significant positive relationship between jumping performance (body lengths) and age in K. marmoratus (Slope = 6.1 × 10 −4 ; Wald's 
Integration of morphology traits
Within each age group, estimates of P provided evidence of extensive covariance/correlation structure among morphological traits (Table 1) TA B L E 1 Age-dependent partial phenotypic (P) correlation matrices for: young (top), mature (middle), and old (bottom) age groups 
Association of form and function
We found significant correlation structure between morphological traits and the repeatable (i.e., among-individual) component of jumping performance (DHM) only in the young age class (Table 1) . In this age group, jumping performance (measured in absolute distance, not body lengths) was significantly higher in individuals with longer EPL and HYPL, but smaller EPA (Figure 4) . Although the magnitude of correlations between jumping performance and SL and PHPL (estimated as 0.24 and 0.27 respectively) in the young age group were similar to the magnitude of correlations between jumping performance and EPL, HYPL and EPA, the 95% confidence interval included zero in both former cases so we considered these relationships nonsignificant. Although morphology and performance were only correlated in the young group, there was not a significant difference among age classes in levels of integration (mean squared correlation) between morphology (all traits) and performance: young-mature (-0.19 to 0.050), young-old (-0.192 to 0.034), and mature-old (-0.069 to 0.049) ( Figure 3B ).
Further comparisons of P among-age groups
Comparison of individual elements of the age-specific correlation matrices provided further statistical support for differences in P among ages (Tables 1 and 2 ). Of the 28 pairwise trait correlations, 12 differed significantly between young and mature, four between young and old, and 10 between mature and old. One notable source of variation across age classes stems from the correlations of EPA with other traits. These were strongly negative and significant in the young age class, but tended to be weak and not significant in mature and old fish ( Table 1 ). All of the pairwise correlation estimates involving EPA differed significantly between young and mature fish, while three of seven also differed between young and old age groups (Table 2) .
However, many relationships, especially among morphological traits, were at least qualitatively conserved. For instance, in each age group:
(i) HYPL was significantly positively correlated with EPL, PHPL, HYPW, and SL; (ii) HYPW was positively correlated with EPL, PHPL, and SL; (iii) PHPL was positively correlated with EPL and SL; and (iv) EPL was positively correlated with SL (Table 1) . A significant negative correlation between parahypural and epural angles (PHPA and EPA) was also maintained across ontogeny (Table 1) .
There were no significant differences among ages in the traces (i.e., sum of the variance components across all traits) of P (bootstrapped 95% CI of trace differences were -2.38 to 1.62 young vs. mature; -1.06 to 3.43 young vs. old; -0.200 to 3.26 mature vs. old). Thus, each age group displays similar levels of total variance in the full multivariate phenotype (Fig. S4) . However, for jumping performance, we 
DISCUSSION
Overall, we found that age had a strong influence on variation in, and covariation among, morphological and performance traits.
F I G U R E 4
Visual depiction of morphological variation associated with variation in jumping performance in the young age group (left). Significant relationships between morphology (EPA, EPL, and HYPL) and jumping performance (distance jumped in mm) are depicted (right). Mean and ±standard errors are included for all individuals. Correlations are also given in the upper left corner Integration (i.e., strength of correlation structure among functionally related traits) across morphological traits was found in all age groups, but was highest in young fish, and the association of morphology with performance was also strongest in this age group. In contrast, morphology-performance associations were less evident, and not statistically significant, in mature or old fish classes (although we note our overall estimates of integration between form and function do not themselves differ significantly among age classes).
Age was also a significant predictor of jumping performance means.
In particular, we found evidence that jumping performance (as measured in body lengths) increases as a function of age. Although young fish had lower jumping performance relative to mature or old fish, they still were able to jump several to many times their own body length. The maintenance of high jumping performance in K. marmoratus across ontogeny can reflect strong selection on jumping performance in young as well as adult (i.e., mature and old) fish. This seems likely considering high jumping performance would provide a means to escape predators (Carrier, 1996; Herrel & Gibb, 2006) , and also to find new aquatic habitats during low tide or when water conditions become suboptimal (Taylor, 2012) . Repeatability (i.e., proportion of total phenotypic variance due to among-individual differences) of jumping performance was high for young fish (Figure 5 ), indicating that variance in this trait may be due to genetic differences among individuals at this age. At the same time, correlations among functionally related traits (i.e., EPA, EPL, and HYPL) were strong and in a direction that would facilitate future phenotypic responses to selection on jumping performance. EPL/HYPL was negatively related to EPA (a trait that was negatively correlated with jumping performance) and EPL was positively related to HYPL (traits that are both positively related to jumping performance). Taken together, these results provide strong evidence that future positive selection on jumping performance may be facilitated by abundant genetic variance and favorable integration among functionally important traits in young fish.
Several studies have found that strong integration among traits may constrain future responses to selection (Goswami, 2006; Wroe & Milne, 2007) . However, when integration among traits is in the direction of selection (e.g., all traits are positively correlated to one another and are under positive selection), it may facilitate evolution. For example, Vincent, Dang, Herrel, and Kley (2006) demonstrated that high integration among head width, jaw length, and out-lever length may have facilitated the evolution of high feeding performance in terms of maximum consumed prey mass in macrostomatan snakes (Vincent et al., 2006) . Future work should look to determine if variation in jumping performance is due to genetic factors and if genetic correlations among these functionally important traits might also facilitate future responses to natural selection.
The loss of strong correlations between the axial skeleton and terrestrial jumping in the adults (i.e., mature and old groups) suggests the potential for performance-related, physiological differences between juveniles and adults. One possibility is that age-dependent variance in TA B L E 2 95% Confidence intervals based on differences between bootstrapped P estimates between young and mature, mature and old, and young and old individuals musculoskeletal morphology might drive age-dependent jumping performance (Stiller & McBrayer, 2013) . Given that young fish are still developing complex sensory-motor systems and anaerobic power in fast muscle fibers (Blaxter, 1986; Wieser, 1995) , the skeletal system in young individuals may be playing a greater role in influencing jumping performance than in older age groups. At maturity, however, once complex functionally-related systems have formed (i.e., efficient fast muscle fibers and connective tissue), the skeletal system may be less involved, which could lead to a decrease in phenotypic integration (manifested as the loss or weakening of correlations) between the axial skeleton and jumping performance as the animals mature. It is important to note that, in our study, fish were raised solely in water with no access to a terrestrial habitat. Thus, bone and muscle development could have influenced how we have come to understand the ontogenetic relationship between skeletal morphology and jumping performance in this species. A further avenue of study might be to assess the link between form and function when animals are permitted to emerse (i.e., leave the water) and locomote on land at will throughout ontogeny.
While there was among-individual variation in performance in juveniles, this was also true in mature and old fish. Variation in performance at adulthood might also be subject to other influences, both internal and external. For instance, an individual's investment in reproduction once it reaches sexual maturity may limit its locomotor abilities, reflecting a life history 'trade-off' between reproductive investment and performance. It is possible that we might also observe a life history 'trade-off' between reproduction and terrestrial jumping performance in the mangrove rivulus. In this species, reproduction can occur year-round (Lomax, Carlson, Wells, Crawford, & Earley, 2017) , and the gonad can make up 12% of their body mass (Johnson, Weinersmith, & Earley, 2016) . Likewise, because hermaphrodites tend to lay single to several embryos on a regular basis (Lomax et al., 2017) , high reproductive investment may place a continual burden on jumping performance in sexually mature individuals. There may also be seasonal variation in rates of egg laying in K. marmoratus, so this 'tradeoff' may be more apparent at certain times of year (Harrington, 1968) .
'Trade-offs' appear to explain at least some age-dependent phenotypic variance in other model systems. For instance, under laboratory conditions, Ghalambor, Reznick, and Walker (2004) In young animals, we found that better jumpers had longer hypurals and epurals and shorter angles between the epural and vertebral column ( Figure 4 ). These relationships were most often either reversed or not significant in the mature and old age groups, respectively. One study (Ashley-Ross et al., 2014) alluded to the importance of large, 'localized structures' , specifically the hypurals (in our study, HYPL and HYPW), in tail-flip jumping. Ashley-Ross et al. (2014) emphasized that larger (i.e., more 'robust') hypurals may provide a larger, more stable platform needed for adequate propulsion off of a terrestrial substrate.
Our study, in large part, seems to be in agreement with the hypothesis proposed by Ashley-Ross et al. (2014) , at least for young animals.
Additionally, however, our study found evidence that long epurals are also associated with longer jumps (Figure 4) . As a result, in young fish, long hypurals may facilitate strong jumping performance only when they are close to long epurals. In this way, the epural may act as a critical extension to the jumping platform created by the hypurals. An extended jumping platform may increase the area of the caudal peduncle in contact with the ground just prior to jumping, and thus, increase ground reaction forces.
Determining how terrestrial jumping performance is related to other performance characteristics, such as swimming and emersion (i.e., transitioning from water to land) should be another goal of future research. Terrestrial jumping may be positively related to some aspects of swimming performance like the C-start escape, which appears qualitatively similar to the tail-flip jump (Perlman & Ashley-Ross, 2016 ), but negatively related to others like burst swimming, which involve morphologies that might not be conducive to jumping (i.e., more streamlined caudal peduncles and narrower heads) (Langerhans, Layman, Shokrollahi, & DeWitt, 2004) . Other performance characteristics related to emersion, such as launches and 'squiggles' , a form of terrestrial locomotion in which the fish oscillates its head and tail over moist substrate (Pronko et al., 2013) , may require a wholly different functional architecture, and may limit other locomotor performances (Pronko et al., 2013) .
Jumping performance is a complex trait involving multiple physiological systems (e.g., respiratory, cardiovascular, and musculoskeletal). Here, we concentrated on relating variance in one system (i.e., the skeletal system) to terrestrial jumping performance across ontogeny, and we found significant correlations between bones and jumping performance in young fish. Future research should detail how components of other physiological systems affect the kinematics of terrestrial jumping performance in K. marmoratus (Perlman & Ashley-Ross, 2016) , especially in the mature and old age groups where the skeletal system seems to be playing a minimal role. For instance, it might be profitable to examine mitochondrial density in white skeletal muscle tissue and rates of fatty acid metabolism (Moyes, Mathieu-Costello, Brill, & Hochachka, 1992 ) across ontogeny to see if they may be related to differences in jumping performance. All of these avenues should give us a better idea of how ontogenetic variance in jumping performance has evolved, and a clearer understanding of the morphological variation associated with locomotion in fish.
We uncovered three important findings. First, performance in terms of body lengths jumped changes with age. Second, morphological integration changes with age. Third, integration among form and function is only convincingly present in younger fish. These results highlight the need to take an ontogenetic approach in evolutionary studies if we are to understand the functional, ecological, and evolutionary implications of morphological diversity. As ontogenetic variance in all types of phenotypic traits (i.e., behavior, morphology, physiology, and lifehistory) continues to be described, ultimate explanations (e.g., life history 'trade-offs' , differential selection, etc.) are required to explain the origin of such changes across development.
ACKNOWLEDGMENTS
We would like to thank Tommy Brown, Andrew Burks, Ben Greenberg, Brent Ishii, Maggie Kalka, Abigail Sisti, Dawson Tan, and Courtney Zacharias for helping with data collection. We are also grateful to
Miriam Ashley-Ross, Alice Gibb, and Benjamin Perlman for introducing us to the protocol for jumping fish, and for providing advice on how to measure jumping performance. We also thank Benjamin Perlman for providing us with high-speed videos of the tail-flip jump. All animal care
was done in accordance with The University of Alabama's Institutional Animal Care and Use Committee (IACUC) (Protocol #:14-05-0070).
CONFLICT OF INTERESTS
No competing interests declared.
DATA ACCESSIBILITY
Data and R script are deposited within Dryad (Link provided upon publication).
ORCID
Joseph M. Styga http://orcid.org/0000-0003-4479-137X
APPENDIX 1
Results when Distance Tail Moved (DTM) was used as our metric of jumping performance
For each jump, we had two measures of performance: distance head moved (DHM) and distance tail moved (DTM). DHM and DTM were calculated as the sum of the squared differences between the pre-jump and post-jump landmark locations of the head (DHM) or tail (DTM).
Since both measures are highly correlated (r = 0.833, DF = 5953, P < 0.0001), we only reported the results from models that included DHM. Here, we report the relationship between DTM and age in Figure A1 , age-dependent partial phenotypic (P) correlation matrices in Table A1 , and differences between age-dependent P matrices in Table A2 . 
